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Edited by Judit Ova´diAbstract Hypotaurocyamine kinase (HTK) is a member of the
highly conserved family of phosphagen kinases that includes cre-
atine kinase (CK) and arginine kinase (AK). HTK is found only
in sipunculid worms, and it shows activities for both the sub-
strates hypotaurocyamine and taurocyamine. Determining how
HTK evolved in sipunculids is particularly insightful because
all sipunculid-allied animals have AK and only some sipunculids
have HTK. We determined the cDNA sequence of HTK from the
sipunculid worm Siphonosoma cumanense for the ﬁrst time,
cloned it in pMAL plasmid and expressed it in E. coli as a fusion
protein with maltose-binding protein. The cDNAderived amino
acid sequence of Siphonosoma HTK showed high amino acid
identity with molluscan AKs. Nevertheless, the recombinant en-
zyme of Siphonosoma HTK showed no activity for the substrate
arginine, but showed activity for taurocyamine. Comparison of
the amino acid sequences of HTK and AK indicated that the
amino acid residues necessary for the binding of the substrate
arginine in AK have been completely lost in Siphonosoma
HTK sequence. The phylogenetic analysis indicated that the
HTK amino acid sequence was placed just outside the molluscan
AK cluster, which formed a sister group with the arthropod and
nematode AKs. These results suggest that Siphonosoma HTK
evolved from a gene for molluscan AK. Moreover, to conﬁrm this
assertion, we determined by PCR that the gene for Siphonosoma
HTK has a 5-exon/4-intron structure, which is homologous with
that of the molluscan AK genes. Further, the positions of splice
junctions were conserved exactly between the two genes. Thus,
we conclude that Siphonosoma HTK has evolved from a primor-
dial gene for molluscan AK.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Phosphagen kinases are enzymes that catalyze the reversible
transfer of the gamma phosphoryl group of ATP to naturally
occurring guanidino compounds, such as creatine, glycocya-
mine, taurocyamine, lombricine and arginine, yielding ADPAbbreviations: HTK, hypotaurocyamine kinase; TK, taurocyamine
kinase; AK, arginine kinase; CK, creatine kinase; GK, glycocyamine
kinase; LK, lombricine kinase; OK, opheline kinase
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doi:10.1016/j.febslet.2005.11.006and a phosphorylated guanidine referred to as a phosphagen
(phosphocreatine, phosphoglycocyamine, phosphotaurocy-
amine, phospholombricine and phosphoarginine). Members
of this enzyme family play a key role in the interconnection be-
tween energy production and its utilization in animals [1]. In
vertebrates, phosphocreatine is the sole phosphagen, and the
corresponding phosphagen kinase is creatine kinase (CK). In
invertebrates, at least six unique phosphagens and correspond-
ing kinases are present in addition to phosphocreatine [2–5]:
phosphoglycocyamine [glycocyamine kinase (GK)], phospho-
taurocyamine [taurocyamine kinase (TK)], phospholombricine
[lombricine kinase (LK)], phosphoopheline [opheline kinase
(OK)], phosphohypotaurocyamine [hypotaurocyamine kinase
(HTK)] and phosphoarginine [arginine kinase (AK)]. Of these,
the four enzymes GK, LK, TK and OK are found only in
annelid and annelid-allied worms. Some species of annelids
may also contain CK or AK. Arthropod and mollusc species
contain only AK phosphagen kinases. In contrast, the mol-
lusc-allied sipunculid worms have AK or HTK, the latter
phosphagen kinase being distributed only in sipunculids. The
amino acid sequences for HTK and OK have not been deter-
mined yet.
Comparison of the available CK, AK, GK, TK and LK se-
quences suggest their evolution from a common ancestor [6–9],
although these relationships are not fully understood. Phyloge-
netic analyses have shown two major evolutionary lineages
among the phosphagen kinases, CK and AK, which likely di-
verged at the dawn of the radiation of multi-cellular animals
[10]. The available evidence suggests that GK, TK, and LK
evolved within the CK lineage, most likely after the divergence
of the lophotrochozoan and ecdysozoan protostomes [7,9,31].
However, the phylogenetic position of HTK remains to be
determined.
The phosphagen phosphohypotaurocyamine has been ob-
served only in Sipuncula [2–4,11], and native HTK has been
isolated only from Phascolosoma vulgare [12]. HTK is dimeric,
and shows activity for hypotaurocyamine and taurocyamine
(the latter activity is about 50% that of hypotaurocyamine)
[12], similar to annelid TK, except for the activity for taurocy-
amine being stronger than that of hypotaurocyamine [12].
These results suggest that HTK is related to annelid TK and
possibly to the other phosphagen kinases speciﬁc to annelids.
However, the anti-sera against HTK, unexpectedly, did not
cross-react with annelid LK or TK [13], suggesting that the
HTK is, indeed, distantly related to annelid TK and LK.
The purpose of this study is to clarify the evolutionary posi-
tion of HTK. In order to do this, we clonedHTK from Siphono-
soma cumanense and determined its cDNA sequence. The
amino acid sequence of HTK was shown to have the highestblished by Elsevier B.V. All rights reserved.
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The phylogenetic analysis of amino acid sequences of HTK and
a comparison of the exon/intron organization of the HTK gene
with those of other phosphagen kinases clearly indicated that
HTK evolved from an AK gene, but not a TK gene.2. Materials and methods
2.1. cDNA ampliﬁcation and sequence determination of Siphonosoma
cumanense HTK
A Siphonosoma cumanense specimen was collected on the seashore at
Tokushima, Japan. Total RNA was isolated from the body wall mus-
cle by the acid guanidinium thiocyanate–phenolchloroform extraction
method [14]. mRNA was puriﬁed from total RNA using poly (A)+ iso-
lation kit (Nippon Gene, Tokyo, Japan). Single-stranded cDNA was
synthesized with Ready-To-Go You-Prime First-Strand Beads (Amer-
sham Pharmacia Biotech, NJ, USA) with a lock-docking oligo-dT pri-
mer [15].
The 3 0-half of cDNA of Siphonosoma HTK was ampliﬁed using the
lockdocking oligo-dT primer and a 256-fold ‘‘universal’’ phosphagen
kinase primer (5 0-GTNTGGGTNAAYGARGARGAYCA) designed
from the highly conserved sequences of phosphagen kinases [6] with
Ex Taq DNA polymerase (Takara, Kyoto, Japan) as the amplifying
enzyme. PCR ampliﬁcation was performed for 30 cycles, each consist-
ing of denaturation for 30 s at 94 C, annealing for 30 s at 60 C and
primer extension for 90 s at 72 C. The ampliﬁed product (900 bp)
was puriﬁed by agarose gel electrophoresis and subcloned into the
pGEM-T Easy Vector (Promega, WI, USA). Nucleotide sequences
were determined with an ABI PRISM 3100-Avant DNA sequencer
using a BigDye Terminators v3.1 Cycle Sequencing Kit (Applied Bio-
systems, CA, USA).
A poly (G)+ tail was added to the 3 0 end of the Siphonosoma cDNA
pool with terminal deoxynucleotidyl transferase (Promega). The 5 0-
half of the cDNA of cytoplasmic phosphagen kinase was then ampli-
ﬁed using the oligo-dC primer (5 0-GAATTC18-3 0) and a speciﬁc primer
(5 0-CGTGCACAGAGGCTCTGCATG-3 0) designed from the se-
quence of the 3 0 region. The ampliﬁed products were puriﬁed, sub-
cloned and sequenced as described above.
2.2. Ampliﬁcation of Siphonosoma cumanense HTK gene
Genomic DNA was isolated from the body wall musculature of
Siphonosoma cumanense by the conventional phenol–chloroform meth-
od. A pair of speciﬁc primers (see Table 1) designed from cDNA se-
quences of Siphonosona HTK were used to amplify a DNA fragment
containing introns from genomic DNA (1 lg) with Ex Taq DNA
polymerase (Takara Bio Inc., Otsu, Japan) as the amplifying enzyme.
DNA fragments were ampliﬁed using a 30-cycle PCR, each cycle con-
sisting of denaturation for 30 s at 94 C, annealing for 30 s at 55 C
and primer extension for 4 min at 72 C. The PCR products were puri-
ﬁed, subcloned and sequenced as described above.
2.3. Cloning and expression of Siphonosoma cumanense HTK used for
enzymatic assay
The open reading frame (ORF) of Siphonosoma HTK was cloned
into the BamH1/SalI site of pMAL-c2 (New England Biolabs, MA,
USA). The maltose binding protein (MBP)-HTK fusion protein was
expressed in E. coli TB1 cells by induction with 1 mM IPTG at
25 C for 24 h. The cells were resuspended in 5· TE buﬀer, sonicated,
and the soluble protein was extracted. Recombinant fusion protein was
puriﬁed by aﬃnity chromatography using amylose resin (New England
Biolabs, MA, USA). The purity of the expressed enzyme was veriﬁed
by SDS–PAGE, and the puriﬁed enzyme was placed on ice until deter-
mination of enzymatic activity within 12 h.
2.4. Enzyme assay
Enzyme activity was measured using the NADH-linked spectropho-
tometric assay at 25 C [16] and determined for the forward reaction
(phosphagen synthesis) as described in our previous paper [17]. Protein
concentration was estimated from the absorbance at 280 nm (0.77 at
280 nm in a 1-cm cuvette corresponds to 1 mg protein/ml).2.5. Cloning of Siphonosoma cumanense HTK into pET30 and
expression
The ORF of Siphonosoma HTK was ampliﬁed and cloned into the
NdeI/SalI site of pET30 vector (Novagen, WI, USA). The fusion pro-
tein with a hexameric His tag at the C-terminal end was expressed in
E. coli BL21 cells by induction with 0.5 mM IPTG at 20 C for 36 h.
The cells were resuspended in 5· TE buﬀer, sonicated, and puriﬁed
by aﬃnity chromatography using Ni-NTA Superﬂow (QIAGEN,
CA, USA). The purity of the expressed enzymes was veriﬁed by
SDS–PAGE.
2.6. Determination of subunit structure of recombinant Siphonosoma
cumanense HTK
The molecular mass for the recombinant enzyme of Siphonosoma
HTK with hexameric His at C-terminal end was estimated on a Super-
dex 75 (1 cm · 30 cm: Amersham Pharmacia Biotech, NJ, USA) gel ﬁl-
tration column, which had been equilibrated with 10 mM Tris/HCl
buﬀer, pH 8.1. The column was eluted with the same buﬀer at a ﬂow
rate of 0.5 ml/min and calibrated with Penaeus monodon AK
(40 kDa), Danio rerio CK-MBP fusion protein (85 kDa) and Calypto-
gena kaikoi AK-MBP fusion protein (124 kDa).
2.7. Phylogenetic analysis and protein modeling
The 148 amino acid sequences of phosphagen kinases including
Siphonosoma HTK were aligned using the ClustalW program available
on the DDBJ homepage (http://www.ddbj.nig.ac.jp/). Except that
PAM model was used to construct the distance matrix, the default set-
ting was used for the alignment.
The neighbor-joining (NJ) tree with bootstrap analysis (1000 replica-
tions) was also constructed with the program available on the DDBJ
homepage (http://www.ddbj.nig.ac.jp/). The default setting was used
for tree construction.
The model of three-dimensional structure of Siphonosoma HTK was
calculated using the internet-based homology-modeling server SWISS-
MODEL (http://swissmodel.expasy.org). The ‘‘First Approach Mode’’
was used with default settings. The obtained model was visualized
using the SWISS-Pdb Viewer program (http://www.expasy.org/spdbv/).
Four structures (1p52, 1m15, 1bg0 and 1p50) were used to predict
the Siphonosoma HTK three-dimensional structure model.3. Results and discussion
3.1. cDNA sequence determination of Siphonosoma HTK and
the phylogenetic relationship with other phosphagen kinases
The full-length of Siphonosoma HTK cDNA was success-
fully ampliﬁed by RT-PCR. The cDNA of Siphonosoma
HTK comprises 1668 bp with a 54 bp of 5 0 untranslated region
(UTR), 1071 bp of ORF coding for a 357-amino acid residue
protein, and 543 bp of 3 0 UTR. The protein has a calculated
molecular mass of 39465 Da and an estimated pI of 7.67.
The cDNA sequence is available through the DDBJ database
(Accession No. AB186407). An alignment of deduced amino
acid sequence of Siphonosoma HTK and representatives of
other phosphagen kinases (Limulus and Nautilus AKs, Eisenia
LK, Arenicola TK, Neanthes GK and human and Torpedo
CKs) are shown in Fig. 1.
Furthermore, the alignment of amino acid sequences of 148
phosphagen kinases, including AKs, a TK, LKs, GKs, CKs
and Siphonosoma HTK with the ClustalW program (see
Fig. S1 in supplementary data) showed that Siphonosoma
HTK has a 48–57% sequence identity with molluscan AKs,
41–51% with arthropod AKs, and only 37–42% with CKs,
LKs, GKs and TK. Thus, it is evident that Siphonosoma
HTK amino acid sequence is more similar to AKs than to
TK, although enzyme activity and subunit structure of HTK
are similar to those of TK, as described below. The phyloge-
netic tree constructed from the above alignment divided the
Table 1
Primers used for ampliﬁcation of Siphonosoma HTK gene
Primer name Sequence
Forward
Sipho.HTK.F1 TGGTATCAGCCCTGAAAACC
Sipho.HTK.2F2 CGAGGCTTACGTCACCTTCG
Sipho.HTK.3F1 TATCATCTCCATGCAGATGG
Sipho.HTK.4F1 TTCATTCCTTGCAGTCAACC
Sipho.HTK.2F1-4 CATGGCTGCTATTGACTACG
Reverse
Sipho.HTK.R1 CCATGATCCTCGTCTCGGTT
Sipho.HTK.2R2 CGACCTCTCTGGTCAGTACT
Sipho.HTK.3R2 CCAAGTGAAGTTCGTACATC
Sipho.HTK.4R2 CCTCTAAAAGAGCGTGTTGA
Sipho.HTK.2R1-5 GCAGCGTAGATGGAATTCCT
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LKs, and TKs) and an AK group. The AK cluster comprising
Protozoa, Cnidaria, Nematode, Arthropoda and Mollusca AK
subgroups (Fig. 2) shows that Siphonosoma HTK unambigu-
ously falls in this cluster, placing just outside the molluscan
AK cluster, which forms sister groups with the arthropodFig. 1. Alignment of SiphonosomaHTK with the representatives of other pho
page of DDBJ (http://www.ddbj.nig.ac.jp/). The GS region is shown in a boand nematod AKs. The bootstrap value (58.9%) for the
HTK node is not suﬃcient to conclude that Siphonosoma
HTK evolved from the AK gene, presumably from a primor-
dial gene for molluscan AK, but the comparison of gene struc-
tures of Siphonosoma HTK and molluscan AKs as described
below, support this assertion strongly.
3.2. Exon/intron organization of Siphonosoma HTK gene is
homologous with that of molluscan AK gene
To conﬁrm the above assertion, we determined the exon/in-
tron organization of the SiphonosomaHTK gene. The structure
of the gene was constructed from four overlapping fragments
separately ampliﬁed by PCR. The gene was determined to be
2524 bp long and contain four introns at positions 168.0,
218.2, 274.0 and 340.1 (Fig. 3), all beginning with gt and ending
with ag. Intron size and the sequence of the exon/intron bound-
aries of the Siphonosoma HTK gene are listed in Table 2. The
genomic sequence is available through the DDBJ database
(Accession No. AB200415).
We compared the gene structure of Siphonosoma HTK with
those of other phosphagen kinases (genes for three molluscansphagen kinases made with ClustalW program available from the home
x.
Fig. 2. Neighbor-joining tree for the 148 amino acid sequences of phosphagen kinases constructed using the program available from the home page
of DDBJ (http://www.ddbj.nig.ac.jp/). Bootstrap values are shown at the branching point. The clusters of CK and annelid phosphagen kinases are
shown schematically (see the Fig. S2 in the supplementary section for the complete tree). The sequence of Siphonosoma HTK is boxed. The accession
numbers of the sequences are shown in the legend of Fig. S1 in the supplementary section.
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and Pseudocardium, an AK from the nematod C. elegans, an
AK from the arthropod Apis, and a CK from Homo)
(Fig. 3), and found that the positions of all four introns of
Siphonosoma HTK are homologous with those of molluscan
AK genes [18,19]. The intron corresponding to the ﬁrst intron
in molluscan AK genes appears to have been lost in the
Siphonosoma HTK gene, but the splice junctions of theremaining four introns are exactly conserved between AK
and HTK genes (Fig. 3). Although the exon/intron organiza-
tion of AK gene is generally highly divergent and variable
[19], that for molluscan AK is exceptionally highly conserved.
Thus the organization of SiphonosomaHTK gene shows that it
evolved from a primordial molluscan AK, consistent with the
above phylogenetic analysis of amino acid sequence of
Siphonosoma HTK (Fig. 2).
Fig. 3. Comparison of the gene structure (exon/intron organization) of Siphonosoma HTK with those of Nautilus AK, Crassostrea AK,
Pseudocardium AK (D2: domain 2), Caenorhabditis AK, Apis AK and Homo CK. The positions of introns are based on the amino acid sequence
alignment shown in Fig. 1. Intron phases are indicated by ‘‘.0’’, ‘‘.1’’ or ‘‘.2’’ followed by amino acid sequence position. The conserved introns among
genes are shown by vertical dotted lines.
Table 2
Intron size and the sequence of exon/intron boundareies of Sihonosoma HTK genes
Intron Sequence (intron length) Primers used for ampliﬁcation
Intron 1 CAACCTGCAGgtgaattact (122 bp) tacacaacagCAAGTGAAGG Sipho.HTK.2F1-4/Sipho.HTK.2R1-5
Intron 2 CACCAAACAAgtaagactcg (211 bp) cttactccagGATCCTGGTA Sipho.HTK.F1/Sipho.HTK.R1
Intron 3 GCTCGTAACAgtaagttata (152 bp) ctaatcacagGCTATCCAGC Sipho.HTK.3F1/Sipho.HTK.3R2
Intron 4 CAGCTCAGAGgtaggtctac (450 bp) ttacttgcagGAACTGCTGG Sipho.HTK.3F1/Sipho.HTK.3R2
Intron sequence is shown by small letter.
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Most sipunculid species, with the exception of Sipunculus nu-
dus, are known to have dimeric HTK in their musculature as
the major phosphagen kinase [2–4,11,12,20,21]. We conﬁrmed
that the recombinant Siphonosoma HTK with a C-terminal
hexameric His-tag is a dimer by analytical size exclusion chro-
matography (data not shown). On the other hand, Sipunculus
nudus is reported to have an unusual dimeric AK [21], unlike
monomeric AKs found in arthropods and molluscs.
Using molecular data of ribosomal genes and histone H3
sequences, Maxmen et al. [22] showed that Sipunculus nudus
diverged ﬁrst among members of the phylum Sipuncula,
and it then formed a sister group with the remaining sipuncu-
lid species, including Siphonosoma. This phylogeny partly ex-
plains the unusual distribution of two kinds of phosphagen
kinases, dimeric AK and dimeric HTK, within the phylum
Sipuncula. Speciﬁcally, a dimeric AK was ﬁrst produced from
the AK gene at the initial stage of sipuncula radiation, and
then, the resultant dimeric AK altered into dimeric HTK.
This process appears to be typical of divergent evolution,
and in fact, we previously reported a similar process in phos-
phagen kinase evolution: an echinoderm AK evolved from a
CK gene [23,24].3.4. Structural basis for catalytic properties of Siphonosoma
HTK
Prediction of the three-dimensional structure by Swiss
Model indicated that the structure of Siphonosoma HTK is
very similar to that of Limulus AK (data not shown), whose
crystal structure has been determined [25].
The enzyme activity of the recombinant Siphonosoma HTK
was measured on the available guanidine substrates of argi-
nine, creatine, glycocyamine, lombricine and taurocyamine.
The HTK showed strong activity for taurocyamine
(v = 29.2 ± 0.43 micromoles Pi/(min mg protein) under
4.75 mM taurocyamine and 5 mM ATP) for the forward reac-
tion, and absolutely no activity for the other substrates exam-
ined. This result is basically consistent with the data of native
Phascolosoma HTK [2,12]. We could not examine the activity
of the original substrate hypotaurocyamine because it is not
available commercially and no method has been established
for its chemical synthesis.
It should be noted that although the full amino acid se-
quence of Siphonosoma HTK has the highest identity with
AK, it exhibits no activity for the substrate arginine. Con-
versely, AK also shows no activity for the substrate taurocy-
amine [4].
K. Uda et al. / FEBS Letters 579 (2005) 6756–6762 6761A previously produced amino acid sequence alignment of
phosphagen kinases indicated that the guanidino speciﬁcity
(GS) region, having signiﬁcant amino acid deletions, is a pos-
sible candidate for the guanidine-recognition site [7] (see the
boxed region in Fig. 1). The GS region constitutes part of
the ﬂexible loop in the N-terminal domain of the crystal struc-
tures of Limulus AK and Torpedo CK [25,26]. There is a pro-
portional relationship between the size of the deletion in the
GS region and the mass of the phosphagen substrate. LK,
TK and AK each have ﬁve amino acid deletions in this region
and each recognize relatively large guanidine substrates. CK
has one such amino acid deletion while GK, which uses the
smallest substrate glycocyamine, has no deletions (Fig. 1). In
addition, the amino acid sequence around the GS region is
highly conserved in a given phosphagen kinase. Our previous
studies, using Nautilus AK, Stichopus AK, Danio CK and Eise-
nia LK [18,27–29], showed that the introduction of amino acid
mutations in the GS region greatly reduced their enzymatic
activity.
Siphonosoma HTK had ﬁve amino acid deletions in the GS
region as in AK (Fig. 1). However, the amino acid residues,
Ser84, Gly85 and Val86 on the GS region (see Fig. 1), asso-
ciated with the binding of the substrate arginine in Limulus
AK [25], were replaced by Leu, His and Ile, respectively, in
the sequence of Siphonosoma HTK. This may partly explain
that Siphonosoma HTK has no activity for the substrate
arginine.
In AK, a pair of amino acid residues (Asp62: residue 78 in
the alignment of Fig. 1 (arrow a), and Arg193: residue 218 (ar-
row c)) that form an ion pair and are highly conserved, are
proposed to play a key role in stabilizing the substrate-bound
structure of AK [24]. The replacement of these residues can
cause a pronounced loss of activity. Our recent analyses sug-
gest that these two residues also regulate the synergism of sub-
strate binding [17]. On the other hand, the corresponding
residues are replaced by His62 and Lys193 in Siphonosoma
HTK and are unable to form an ion pair, suggesting that a
quite diﬀerent mechanism is at work in the stabilization of
the substrate-bound structure.
Interestingly, residue 95 residue 110 in the alignment of
Fig. 1 (arrow b), which is one of the essential determinants
for distinguishing among guanidine substrates [29,30], is con-
served as Tyr in both of HTK and AK.
In any event, the accumulation of amino acid sequence
replacements in the GS region and/or at other key residues
for guanidine substrate recognition may lead to the production
of novel activity in the Siphonosoma enzyme toward taurocy-
amine and hypotaurocyamine. Site-directed mutagenesis stud-
ies, aiming to alter the activity from HTK to AK and to
identify key amino acids associated with dimerization, are in
progress using Siphonosoma HTK as template.
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